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PhotoinhibitionPhotoinhibition is caused by an imbalance between the rates of the damage and repair cycle of photosystem
II D1 protein in thylakoid membranes. The PSII repair processes include (i) disassembly of damaged PSII–
LHCII supercomplexes and PSII core dimers into monomers, (ii) migration of the PSII monomers to the
stroma regions of thylakoid membranes, (iii) dephosphorylation of the CP43, D1 and D2 subunits, (iv)
degradation of damaged D1 protein, and (v) co-translational insertion of the newly synthesized D1
polypeptide and reassembly of functional PSII complex. Here, we studied the D1 turnover cycle in maize
mesophyll and bundle sheath chloroplasts using a protein synthesis inhibitor, lincomycin. In both types of
maize chloroplasts, PSII was found as the PSII–LHCII supercomplex, dimer and monomer. The PSII core and
the LHCII proteins were phosphorylated in both types of chloroplasts in a light-dependent manner. The rate
constants for photoinhibition measured for lincomycin-treated leaves were comparable to those reported for
C3 plants, suggesting that the kinetics of the PSII photodamage is similar in C3 and C4 species. During the
photoinhibitory treatment the D1 protein was dephosphorylated in both types of chloroplasts but it was
rapidly degraded only in the bundle sheath chloroplasts. In mesophyll chloroplasts, PSII monomers
accumulated and little degradation of D1 protein was observed. We postulate that the low content of the
Deg1 enzyme observed in mesophyll chloroplasts isolated from moderate light grown maize may retard the
D1 repair processes in this type of plastids.© 2009 Elsevier B.V. All rights reserved.1. Introduction
Photoinhibition observed in vivo is a consequence of an imbalance
between photosystem II damage and repair, and is often related to a
decrease in the quantum yield of photosynthesis and light saturated
activity of PSII [1]. Photoinhibition usually occurs when a plant is
exposed to stress conditions such as high light, combined light and
cold stresses, UV radiation, or high salinity [2]. Such environmental
stresses cause photoinhibition by inﬂuencing PSII repair, which leads
to accumulative damage of photosynthetic membranes [3]. Light-
induced damage predominantly affects the D1 protein in the reaction
centre and the oxygen evolving complex of the PSII–LHCII super-em I; PSII RC, photosystem II
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ll rights reserved.complex [4–6]. The damaged and dysfunctional D1 protein is
degraded and replaced with a co-translationally inserted new copy
to restore the functionality of the PSII complexes. In the presence of
protein synthesis inhibitors, such as lincomycin or chloramphenicol, a
very high rate of the D1 protein degradation has been observed in
higher plants, algae and Cyanobacteria, thus suggesting that D1
turnover is crucial for plasticity of the photosynthetic apparatus [4].
In higher plants, D1 protein degradation has been shown to be
regulated by reversible phosphorylation, as it can only be digested
when dephosphorylated [7]. PSII core proteins, including D1, are
phosphorylated at the N-terminal threonine residues by the STN8
kinase [8,9], whose activity is regulated by the redox state of electron
carriers present in the thylakoid membranes, thus indirectly by light
intensity [10–12]. Phosphatases responsible for D1 dephosphorylation
are not as yet characterized, however, it has been shown that a lumenal
immunophilin-like protein TLP40 may activate these enzymes at high
temperatures [13].
The dephosphorylation, degradation and de novo synthesis of the
subunits of the PSII complex take place in stroma-exposed regions
[14], where the proteases responsible for D1 proteolysis are also
localized [15,16]. The photoinactivated PSII–LHCII supercomplex
dissociates into core dimers, then to monomers and ﬁnally migrates
to non-apressed thylakoid membranes [17]. Following PSII disassem-
bly, the PSII core protein CP43 is dephosphorylated, which induces its
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the reaction centre subunits D2 and D1, and ultimately D1 degradation
[18]. The PSII heterogeneity observed in thylakoids is likely to be a
consequence of a rapid D1 turnover. It was demonstrated that the PSII
complex in stroma membranes is present mainly in a monomeric
form, often lacking the CP43 inner antenna core subunit. The highest
amount of the CP43-less PSII monomers and the PSII reaction centres
were observed in the so-called Y100 fraction of stroma thylakoids
which probably reﬂects rapid PSII repair occurring in this fraction [19].
The removal of the damaged D1 protein is a very important step in
the PSII repair cycle. It has been established that the chloroplast pro-
teases FtsH and Deg are involved in the D1 protein degradation in
higher plants. Reverse genetics and biochemical analyses conﬁrmed a
direct involvement of the FtsH2 and FtsH5 proteases in the D1 repair
cycle [20,21]. Additionally it has been demonstrated that theDeg1 [22],
Deg5 andDeg8 [23] proteases are responsible for theD1 cleavage in the
lumen-exposed regions. In contrast, the Deg2 protease is not involved
in the degradation of D1 subunit in vivo [24].
Maize is a one of the most cultivated crops all over the world, but
unlike wheat or rice it is a C4 plant in which two distinct cell types,
mesophyll (M) and bundle sheath (BS), cooperate during photo-
synthesis. In maize, mesophyll chloroplasts are structurally similar to
those in C3-type higher plants, while BS ones lack grana [25,26]. Our
recent studies have revealed that PSII in the BS thylakoids contains all
the polypeptides involved in photosynthetic electron transport and
oxygen evolution but its amount and activity is very low [27–29]. We
also demonstrated that the D1 protein was damaged and degraded in
a speciﬁc manner in isolated BS andM thylakoids, albeit with different
kinetics [30]. Ample data have been published on the PSII photo-
inactivation and regulation of D1 degradation in vivo in C3 plants,
however, no evidence has been presented to date for these processes
to occur in the agranal BS chloroplasts. In this paper, we demonstrate
for the ﬁrst time that PSII turnover, with continuous degradation of
the D1 protein does occur in vivo in the agranal BS chloroplasts. We
also show that the D1 proteolysis is much less visible in M thylakoids
under the same experimental conditions. Finally, we present evidence
for a signiﬁcant role of the Deg family proteases in the D1 degradation.
2. Materials and methods
2.1. Plant material
Maize plants (Zea mays L. Oleńka, type NADP-ME) were grown on
vermiculite in a growth chamber under a 14 h photoperiod and a day/
night regime of 24/22 °C, at an irradiance of 350 (medium light) or 50
(low light) μmol photons m−2 s−1. Plants were fertilized with Knop's
solution containing (g L−1) 0.8 CaNO3 4H2O; 0.2 KNO3; 0.2 KH2PO4;
0.2 MgSO4 7 H2O; 0.028 EDTA–Fe enriched with A–Z microelement
nutrients. Leaves were harvested from 4–5 week-old plants.
2.2. Photoinhibitory treatment of leaves
Detached leaves were placed in lincomycin solution (1 g L−1) or in
water in the darkness overnight followed by illumination under 900
and 2000 μmol of photons m−2 s−1 at 25 °C for up to 6 h. Polux E27,
6400 K lamps (55 W, Poland) were used as a white light source and
the temperaturewasmaintained by air conditioning. Leaves were kept
in the lincomycin solution or in water during the whole illumination
period. Leaf samples for ﬂuorescence measurements were taken every
hour, and for thylakoid isolation after 3 h.
2.3. Chloroplast and thylakoid isolation
Mesophyll and bundle sheath chloroplasts were isolated mechani-
cally according to Romanowska et al. [27]. Isolation procedures were
carried out at 4 °C, under dim green light. All the isolation buffers weresupplementedwith 10mMNaF. Thylakoids were prepared bywashing
M and BS chloroplasts in a medium containing 50 mM HEPES–NaOH
(pH 8.0), 5 mM MgCl2, 10 mM NaCl, 2 mM EDTA, 10 mM NaF and
collected by centrifugation at 8000 ×g for 15 min. Isolated thylakoid
samples were immediately frozen in liquid nitrogen and stored at
−80 °C until use. The purity of chloroplasts was monitored by
measuring the chlorophyll a/b ratio, enzymatic assays and immuno-
detection of selected proteins [27]. Total chlorophyll content and Chl
a/b ratio were determined in 80% (v/v) acetone, according to the
method of Arnon [31].
2.4. Fluorescence measurements
Chl a ﬂuorescence of maize leaves was measured at room
temperature with an FMS 1 ﬂuorometer (Hansatech) run by
Modﬂuor software. Leaves (0.38 cm2) were adapted to darkness for
30 min prior to Fv/Fm measurements and the saturation irradiation
of 4500 μmol photons m−2 s−1 was used in this assay. Chlorophyll
ﬂuorescence photochemical quenching (qP) and non-photochemical
quenching (NPQ) were measured at a steady state according to the
procedure of Genty et al. [32] using actinic irradiation of 400 μmol
photons m−2 s−1. The rate constant for photoinhibition was calcu-
lated for lincomycin-treated leaves from the decrease in the Fv/Fm
ratio ﬁtted to a ﬁrst-order reaction kinetics curve.
2.5. Blue native-PAGE
Protein solubilization and BN-PAGE were performed according to
Schägger et al. [33], Kügler et al. [34] and Danielsson et al. [19] with
slight modiﬁcations as described below. Thylakoid membranes (40 μg
Chl) were sedimented at 7000 ×g for 5 min at 4 °C and resuspended
in 25 mM imidazole–HCl pH 7.0, 20% (v/v) glycerol. Membrane
proteins were solubilized by the addition of n-dodecyl β-D-maltoside
(DDM) in 25 mM imidazole–HCl pH 7.0, 20% glycerol, to a ﬁnal
concentration of 1% (w/v) (DDM/Chl ratio 20:1) for M thylakoids and
2% (w/v) (DDM/Chl ratio 40:1) for BS thylakoids. Final chlorophyll
concentration was 0.5 mg/ml. Samples were shaken well and incu-
bated on ice for 2 min followed by centrifugation at 18000 ×g for
15 min. The supernatant was supplemented with a Coomassie
Brilliant Blue solution, 100 mM EACA, 30% (w/v) sucrose to a ﬁnal
concentration of 10% and loaded directly onto a 4–12% acrylamide
(w/v), 4–15% (w/v) sucrose gradient gel. The electrophoresis was
carried out at 100 V at 4 °C overnight. For separation of proteins in
the second dimension, lanes of the BN-gels were cut off and
incubated in the denaturing solution (125 mM Tris–HCl pH 6.8, 2%
(v/v) 2-mercaptoethanol, 2% (w/v) SDS) for 15 min at room
temperature and for 15 min at 50 °C. The strips were brieﬂy rinsed
in distilled water and layered onto SDS-PAGE gels. The electrophor-
esis was performed at 7 mA at 4 °C overnight. Proteins were
visualized by silver staining or transferred onto a PVDF membrane
(Millipore) for immunodetection.
2.6. SDS-PAGE and immunodetection analysis
Denaturing SDS-polyacrylamide gel electrophoresis was carried
out according to Laemmli [35]. Thylakoid samples were diluted in the
denaturing buffer (1:1) containing 0.25M Tris–HCl (pH 6.8), 4% (w/v)
SDS, 10 M urea, 2% (v/v) 2-mercaptoethanol, and 20% (v/v) glycerol.
Separating gel (15% or 14% acrylamide) contained 5 M urea. SDS-PAGE
gels were loaded with thylakoid samples on an equal Chl basis. The
amount of Chl loaded varied between 1 and 5 μg depending on the
antibody subsequently used for immunodetection. Separated proteins
were electrotransferred onto a PVDF membrane (Millipore) using
25 mM Tris, 192 mM glycine (pH 8.3) and 10% (v/v) methanol in the
transfer buffer. Blots were probed with antibodies raised against the
D1 protein (Agrisera), a polyclonal anti-phosphothreonine antibody
Fig. 1. Changes in ﬂuorescence parameters of high light-treated maize leaves. Plants
were grown at 350 μmol of photons m−2 s−1. Detached leaves were illuminated for 6 h
at 900 or 2000 μmol of photons m−2 s−1 in the presence (black symbols) or absence
(grey symbols) of lincomycin. (A) Maximum efﬁciency of PSII (Fv/Fm), (B)
photochemical quenching (qP) and (C) non-photochemical quenching (NPQ) of
illuminated +lin and −lin leaves were measured hourly. Each point represents the
mean of 5–7 experiments±SE.
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the antigen from A. thaliana. The reacting protein bands were
visualized by enhanced chemiluminescence. For quantitative densi-
tometry, scanned Western blots were processed using the Gene Tools
software (Syngene). The amount of the D1 protein in the darkness
(time of illumination=0) was set as 100% (control), and the amount
of D1 after illumination was expressed as the percentage of the
control. The amount of the phosphorylated D1 protein was expressed
as the percentage of the total signal determined by densitometry.
The statistical signiﬁcance was tested at a probability of Pb0.05 in
the t-Student test.
2.7. psbA gene expression analysis
Total cellular RNA was isolated from whole leaves using a
NucleoSpin RNA Plant kit (Machery-Nagel) according to the manufac-
turer's procedure. For RT-PCR, 300 ng of the total RNAwas transcribed
with Reverse Transcriptase (Roche) using a primer designed to anneal
to the psbA mRNA (5′ATAACTAGCACCGAAAACCGTCTT3′). PCR reac-
tions were performed with 3 μl of the cDNA mixture with the primer
used in RT-PCR and the reverse primer (5′AATAGGGAACCGCCGAA-
TACAC3′) resulting in a 572 bp product. As a cDNA synthesis control,
the same RNA samples were reverse transcribed with a maize actin
primer (5′CATGAGGCCACGTACAACTC3′). Actin PCR reactions were
performed in parallel to the psbA reactions, using the primer for RT-
PCR and the reverse primer (5′TCATGGCAGTTCATGTATTG3′) giving a
415 bp product. Primer were designed based on the GenBank
sequence U60508. The PCR fragments were visualized on 0.8% agarose
gels. Semi-quantitative analysis was performed with the Gene Tools
software (Syngene).
3. Results
3.1. Photoinhibition in maize
Visible symptoms of photoinhibition appear in higher plants when
the repair of PSII is not efﬁcient enough to keep up with the rate of
damage. However, under these conditions, in some instances no net
D1 protein loss was observed implying that PSII inactivation is not
always synchronized with its repair process [36,37]. In order to
observe the actual rate of degradation of photodamaged D1 protein
under high light treatment the chloroplast protein synthesis inhibitor
lincomycin is used [38,39].
The most frequently used parameter for monitoring photoinhibi-
tion in vivo is the Fv/Fm ratio shown to be linearly correlated with the
quantum yield of light-limited O2 evolution and the number of
functional PSII centres [40,41]. In the presence of lincomycin
photoinhibition occurs without the D1 protein replenishment and
under these conditions the decline in the Fv/Fm parameter is a ﬁrst-
order function of the time of exposure at all irradiances [42], which
allows the calculation of the rate constant of photoinhibition, kPI. In C4
plants, measuring of Chl a ﬂuorescence (in vivo) can be used to
monitor the PSII functionality exclusively in mesophyll chloroplasts
due to the leaf anatomy in this type of plants. In NADP-ME species the
ratio of the volumes and areas of the mesophyll to bundle sheath is
about four to one [43,44]. Typically, in maize a few layers of mesophyll
cells surround one layer of bundle sheath cells and separate veins from
each other [25,45]. Thismakes it impossible tomeasure BS chlorophyll
ﬂuorescence in intact leaves.
Our experiments revealed that the C4 maize plants were sus-
ceptible to high light-induced PSII photoinhibition to a similar extent
as C3 species grown in low light [38,39,46]. Photoinactivation of PSII,
measured as a decrease of the Fv/Fm ratio in mesophyll chloroplasts,
was much stronger in the lincomycin-treated leaves than in control
ones in which PSII repair counteracted the photodamage. Fv/Fm
decreased by about 60% and 20% after 3 h of illumination of leaves inthe presence of lincomycin and in the control, respectively (Fig. 1A).
As expected, the more intense light was used to illuminate leaves
stronger was the decline in the PSII photochemical efﬁciency in both
control and lincomycin-treated leaves (Fig. 1A). It should be men-
tioned that the Fv/Fm decrease in lincomycin leaves was not an effect
of photoprotective processes, since the NPQ values did not change
signiﬁcantly during the treatment. Only a slight increase of the NPQ
parameter was observed after the third hour of illumination
(2000 μmol photons m−2 s−1) of control leaves (Fig. 1C).
The rate constant for photoinhibition of PSII calculated from the
mean Fv/Fm values varied with respect to photon ﬂux density and
was by about one third higher at 2000 μmol photons m−2 s−1 than at
Fig. 2. Light-induced degradation of the D1 protein in mesophyll (M) and bundle
sheath (BS) chloroplasts. Detached leaves were illuminated for 3 h at 900 μmol of
photons m−2 s−1 in the presence (+lin) or absence (−lin) of lincomycin prior to
chloroplast isolation. (A) Immunoblot analysis of the D1 protein in M (1 μg Chl) and
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observed in the rate constants for photoinhibition between moderate
light (ML) and low light (LL) grownmaize plants (Table 1). Therewere
no differences in the decrease of the Fv/Fm ratio during illumination
of control ML and LL leaves which shows that the maize plants grown
at low and moderate light conditions were similarly susceptible to
photoinhibition (data not shown).
The photochemical quenching (qP) is a ﬂuorescence parameter
that describes the proportion of PSII centres that are oxidized [47].
In photoinhibited maize leaves the value of qP was decreasing with
the duration of illumination in the presence of lincomycin, however
during high light treatment of the control leaves it remained
unchanged (Fig. 1B). The decrease of qP in lincomycin-treated leaves
was always stronger at 2000 than at 900 μmol photons m−2 s−1
(Fig. 1B).
3.2. Differential D1 degradation in mesophyll and bundle
sheath chloroplasts
The absolute rate of in vivo D1 protein degradation can be
established provided it is not affected by the de novo D1 synthesis
[38,39,46]. Thus, to compare the D1 degradation in the BS and M
thylakoids, detached leaves were treated with the protein synthesis
inhibitor lincomycin or water as a control, followed by subsequent
illumination with high light for up to 3 h. Immediately after the
treatment M and BS chloroplasts were isolated and the D1 protein
level was determined by quantitative immunoblotting (Fig. 2).
Although 3 h of high light treatment caused a signiﬁcant damage to
PSII (Fig.1A, B), the D1 degradation rate inmesophyll chloroplasts was
slower than expected from the Fv/Fm measurements. Compared to
non-illuminated leaves, the D1 protein level remained unchanged in
M chloroplasts after 3 h of photoinhibitory treatment (Fig. 2A).
Additionally, there was no statistically signiﬁcant difference in the D1
protein amount between +lin and −lin leaves (Fig. 2A, B). After
longer high light exposure (up to 6 h) in the presence of lincomycin,
the D1 protein content in M chloroplasts was only 77% that in the dark
control (data not shown). In BS chloroplasts the D1 protein was
degraded faster than in M plastids (Fig. 2A, B). After 3 h of high light
illumination in the presence of lincomycin, the D1 protein level in BS
chloroplasts decreased to 61% compared to non-illuminated leaves
(Fig. 2B, Table 2). In the absence of lincomycin the D1 protein level in
the BS chloroplasts remained stable (Fig. 2A, B).
While the rate of PSII damage depended on the intensity of the
photoinhibitory light applied (Fig. 1A, B Table 1), the degree of D1
protein degradation did not. In both types of chloroplasts of
lincomycin-treated leaves the same rapidity of D1 protein degradation
was observed at 900 and 2000 μmol photons m−2 s−1 (Table 2).
3.3. Reversible phosphorylation of PSII proteins during photoinhibition
Reversible phosphorylation of N-terminal threonine residues of
D1, D2 and CP43 proteins controls the repair cycle of PSII in higher
plants and has a strong inﬂuence on the PSII complex organizationTable 1
Effects of photosynthetic photon ﬂux density (PPFD) and growth conditions on the rate
constant of PSII photoinhibition in lincomycin-treated leaves.
PPFD of treatment
[μmol photon m−2 s−1]
k PI [h−1]
ML plants LL plants
900 0.341 0.341
2000 0.489 0.507
Leaves were detached from plants grown at irradiances of 350 (ML) or 50 (LL) μmol
of photons m−2 s−1. Rate constants (kPI) were calculated from the mean Fv/Fm
ratios obtained for lincomycin-treated leaves subjected to high light illumination
(900 or 2000 μmol photons m−2 s−1). Fluorescence data were ﬁtted to ﬁrst-order
reaction kinetics.
BS chloroplasts (1.5 μg Chl), Coomassie staining of protein samples (CBB) is shown as
a control. Linearity of the anti-D1 immunodetection was ensured with respect to the
amount of Chl per lane. (B) Quantiﬁcation of the D1 immunoblot signal. The amount
of the D1 protein in the darkness was deﬁned as 100%. Results are expressed as
means of four independent experiments±SE, ⁎ indicates statistically signiﬁcant
difference between +lin and −lin samples (⁎Pb0.05).[48]. To examine the differences in the D1 protein degradation
between M and BS chloroplasts, we set out to determine the phos-
phorylation pattern of the PSII core proteins during photoinhibition of
maize leaves.
It has been shown that the maize CP29 subunit, which is a minor
Chl a/b-binding protein of PSII, undergoes reversible phosphoryla-
Table 2
Effects of photosynthetic photon ﬂux density (PPFD) on light induced degradation of
the D1 protein in mesophyll (M) and bundle sheath (BS) chloroplasts isolated from
lincomycin-treated maize leaves.
PPFD of treatment
[μmol photon m−2 s−1]
D1 protein level [% of dark control]
BS M
900 61±11.1 87±6.2
2000 68±7.7 86±3.0
Lincomycin-treated leaves were illuminated for 3 h at 900 or 2000 μmol photons
m−2 s−1. Data were obtained from the D1 protein immunoblotting analysis. The
amount of the D1 protein in the darkness was deﬁned as 100%. Results are
expressed as means of four independent experiments±SE.
Fig. 3. Phosphorylation of PSII proteins in mesophyll (M) and bundle (BS) sheath
chloroplasts. (A) Linearity of the anti-PThr immunodetection was ensured with respect
to the amount of Chl per lane. M chloroplasts were isolated from leaves illuminated at
900 μmoles photons m−2 s−1 for two hours. (B) Immunoblot analysis of the PSII
phosphorylation in M and BS chloroplasts from differentially light-treated leaves.
Detached, dark adapted leaves were illuminated at 50 or 900 μmoles photons m−2 s−1
for two hours prior to chloroplast isolation. Proteins (1 µg Chl), were detectedwith anti-
PThr antibody. The positions of detected phosphoproteins and molecular masses of
protein markers (in kDa) are indicated.
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phosphorylation in BS agranal thylakoids. We found that in the BS
chloroplasts the PSII core proteins as well as the associated LHCII
antenna subunits were phosphorylated in a PPFD-dependent manner
(Fig. 3). In the dark-adapted chloroplasts of both types, only CP43
and residual amounts of the LHCII proteins remained phosphory-
lated, whereas low light intensity caused strong phosphorylation of
the LHCII proteins and weak phophorylation of the D1 and D2 PSII
reaction centre subunits in both types of chloroplasts. At a strong
light intensity, phosphorylated D1/D2 proteins accumulated in M
and BS chloroplasts in contrast to the LHCII subunits which under-
went dephosphorylation (Fig. 3). In addition, CP43 was phosphory-
lated to a lesser extent at high light intensities in both types of
chloroplasts (Fig. 3). Similar light-dependent phosphorylation/
dephosphorylation of thylakoid proteins in vivo was previously
reported for granal chloroplasts of C3 plants [10].
Strong phosphorylation of the PSII core subunits D1 and D2 was
observed only for chloroplasts of high light-treated maize leaves,
whereas the CP43 protein was phosphorylated both in the light and
darkness (Fig. 4A). In the presence of lincomycin, phosphorylation of
the D1 protein was signiﬁcantly reduced after 3 h of photoinhibitory
illumination, similarly in both M and BS chloroplasts as compared
with the control (Fig. 4A, B).
3.4. Heterogeneity of the PSII complex in M and BS chloroplasts of
photoinhibited maize leaves
PSII is present in thylakoid membranes both as a dimer and
monomer. The functional dimeric PSII complex binds at least two of
LHCII trimers, thus forming the PSII–LHCII supercomplex in the
apressed grana regions [50]. It has been shown that the PSII mono-
merization precedes the dephosphorylation and degradation of the D1
protein [18]. PSII monomers and PSII RC have been observed in stroma
thylakoids, indicating dynamic PSII repair occurring in this compart-
ment [51].
To gain an insight into the D1 turnover in granal and agranal
maize chloroplasts, we performed a BN/SDS-PAGE analysis of the
corresponding thylakoid complexes following the lincomycin treat-
ment during photoinhibition. We applied mild solubilization of the
thylakoid membranes using the detergent β-dodecyl maltoside
(DDM) to avoid non-speciﬁc monomerization of the PSII complexes
(see also [29]). Fig. 5A, B shows typical ﬁrst dimension and second
dimension separation of M and BS thylakoid protein complexes by
BN-PAGE electrophoresis. The M and BS protein proﬁles obtained
through this procedure were clearly similar to those described earlier
for C3 plants [51–53]. Bands corresponding to all major thylakoid
complexes were identiﬁed on BN-gels (Fig. 5A, B), including the PSII–
LHCII supercomplex, PSI–LHCI supercomplex, PSII dimer (PSII DM),
PSII monomer (PSII MM), ATP synthase, PSI core complex, LHCII
trimers (LHCII TM) and LHCII monomers (LHCII MM). Overall, our
combined BN-gel, BN/SDS-PAGE and immunoblotting analyses
demonstrated that PSII forms dimers and supercomplexes in both
types of maize thylakoids (Fig. 5A,B), conﬁrming our earlier study[29]. As expected, the relative level of the PSII–LHCII supercomplex
was lower in BS compared to M membranes, whereas the PSII core
dimer was more abundant in the BS membranes (see Fig. 5A).
Interestingly, our analyses revealed that a large amount of PSII in both
types of thylakoids exists as a monomer or a monomer without the
CP43 protein (see Fig. 5B, C). Only slight differences in the protein
proﬁles were observed between thylakoids from lincomycin- and
non-treated leaves on BN-gels and second dimension SDS-PAGE. In
both M and BS thylakoids isolated from lincomycin-treated leaves,
more free proteins accompanying LHCII monomers were observed on
BN-SDS-PAGE gels, suggesting the release of some subunits from the
multisubunit protein complexes.
To examine the effect of photoinhibition on PSII heterogeneity,
proteins separated on second dimension SDS-PAGE were transferred
onto blotting membranes and probed with the anti-D1 antibody. As
shown in Fig. 5C, blocking of the PSII repair process by inhibition of
protein synthesis with lincomycin resulted in the opposite effects in
M and BS chloroplasts, whereas the two forms of PSII monomers
(with and without CP43) increased in the M thylakoids they
decreased in the BS thylakoids. No such differences were observed
in the absence of lincomycin. Moreover, following the lincomycin
treatment the PSII RC accumulated in both M and BS thylakoids,
indicating that further PSII dissociation occurred in both types of
membranes.3.5. psbA transcript abundance during high light treatment of
maize leaves
In higher plants, the D1 protein is encoded by a single copy of the
plastid psbA gene. We determined the steady state level of the psbA
transcript in leaves of maize plants treated either with water or
lincomycin. Total RNAwas extracted fromwhole leaves. The results of
RT-PCR are summarized in Fig. 6. As a control, light-independent
transcription of the nuclear-encoded actin mRNA was analysed
simultaneously with the psbA transcript. Six hours of high light
treatment did not change signiﬁcantly the abundance of the psbA
transcript in treated and control leaves. Moreover, no difference in
transcript level between−lin and +lin samples was notable. Also the
similar amount of psbA transcript was observed for the illuminated
leaves and ones kept in the darkness.
Fig. 4. Immunoblot analysis of maize PSII phosphoproteins during photoinhibition. (A) Detached leaves were illuminated for 3 h at 900 μmol of photons m−2 s−1 in the presence
(+lin) or absence (−lin) of lincomycin prior to chloroplast isolation. Proteins (1.5 and 1 μg Chl for BS and M respectively) were detected with anti-PThr antibody. The positions of
detected phosphoproteins and molecular masses of protein markers (in kDa) are indicated. (B) Abundance of phosphorylated D1/D2 proteins in M and BS chloroplasts isolated from
leaves photoinhibited in the presence (+lin) or absence (−lin) of lincomycin. The amount of phospho-D1/D2 proteins was expressed as a percentage of the total signal separately for
BS and M.
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Two families of chloroplast proteases, FtsH and Deg, have been
shown to be important in the degradation of D1 protein [24,54]. The
presence and amount of FtsH and Deg2 enzymes were already
investigated in granal and agranal thylakoids of maize and did not
differ signiﬁcantly between the two [30]. Until now the distribution of
the Deg1 protease in maize chloroplasts was not examined. Immuno-
detection of Deg1 revealed signiﬁcant differences between mesophyll
andBS chloroplasts isolated fromplants grownatML (Fig. 7). Deg1was
abundant in BS thylakoids whereas there were only traces of that
protein in M membranes.
4. Discussion
In our previouswork, we characterized PSII damage and D1 protein
degradation in vitro in isolated maize thylakoids. We reported
signiﬁcant differences in the rate of the D1 protein degradation
between M and BS thylakoids, whereas no such differences were
observed for the PSII photoinactivation rate [30]. In this study, we
examined the PSII photoinhibition and the D1 protein turnover in
maize mesophyll and bundle sheath chloroplasts in vivo, in the pre-
sence of a protein synthesis inhibitor, lincomycin.
To date, most of the experiments concerning photoinhibition in
maize have focused on monitoring Chl a ﬂuorescence and measuring
CO2 ﬁxation during light combined with cold treatment but without
the pretreatment of plants with use of a protein synthesis inhibitor
[55,56]. Recently some results concerning LHCI and LHCII oligomeric
organization in mesophyll chloroplasts during greening were pre-sented for lincomycin-treated maize [57]. However, the PSII photo-
damage, D1 protein degradation and the phosphorylation status of
thylakoid proteins from the differentiated M and BS chloroplasts have
not been characterized in vivo during photoinhibition.
It has been reported that low light-grown C3 plants are more
sensitive to photoinhibition than high light-treated plants due to the
low efﬁciency of PSII repair rather than the size of the light harvesting
antenna, since it was shown that after inhibition of the PSII repair
processes by lincomycin or chloramphenicol, the rate of the PSII
photodamage was independent of light intensity during growth and
was directly proportional to PPFD during the inhibitor treatment
[38,39,58].
Our present work showed that in moderate and low light
adapted maize leaves, the decline in PSII photochemical efﬁciency
during high light illumination was similar in the absence of linco-
mycin, but the rate of this decline depended on the intensity of the
photoinhibitory light (Fig. 1). The same susceptibility to photoin-
hibition of ML and LL grown maize plants could be another
evidence that the both such light conditions are both sensed as low
by the subtropical maize. In summary, ML and LL leaves were quite
sensitive to high light which caused about 20% loss of PSII efﬁ-
ciency during ﬁrst 3 h of the treatment. As expected, in the
presence of lincomycin the Fv/Fm ratio decreased dramatically and
ﬁtted ﬁrst-order kinetics (Fig. 1A, Table 1). This allowed us to
calculate the rate constants for photoinhibition which were propor-
tional to the photoinhibitory light intensity. These constants were
similar to those obtained previously for C3 plants [42] and did not
change depend on growth conditions (Table 1). These data suggest
that C3 and C4 species exhibited a similar pattern of changes of the
Fig. 5. PSII complexes in mesophyll (M) and bundle sheath (BS) thylakoids of photoinhibited maize leaves. Thylakoids were isolated from detached leaves illuminated for 3 h at
900 μmol of photons m−2 s−1 in the presence (+lin) or absence (−lin) of lincomycin. (A) Membranes (40 μg Chl) were solubilized with DDM and loaded onto 4–12% acrylamide
Blue-Native gel. (B) For second dimension, lanes were cut out of the BN-gels, denatured and loaded horizontally onto denaturing SDS-PAGE gels (14% acrylamide, 6 M urea).
Molecular masses of the protein standards (in kDa) are indicated on the left. Protein bands were visualized by silver staining or in (C) immunodetected using antibodies against the
D1 protein. DM, dimers; MM, monomers; PSII MM w/o CP43, PSII monomer without CP43; RC, reaction centre; TM, trimer; ATP Syn., ATP synthase.
Fig. 6. psbAmRNA level in high light-treated maize leaves. Detached leaves were kept in
the darkness or illuminated for 6 h at 900 μmol of photons m−2 s−1 in the presence (+)
or absence (−) of lincomycin. Total RNA was isolated fromwhole leaves and subjected
to RT-PCR. As a control, constitutively expressed actin gene was used. Figure shows
results of a representative experiment, control sample was set at 100.
1167B. Pokorska et al. / Biochimica et Biophysica Acta 1787 (2009) 1161–1169kinetics of the PSII photodamage and were similarly susceptible to
photoinhibition.
Recently, two laboratories have independently demonstrated that
BS chloroplasts contained about half the amount of the PSII complex
compared to M thylakoids, when obtained by mechanical isolation
[28–30,59]. It has been observed that there is less PSII in the agranal BS
thylakoids and it is partly inactive but PSII in this type of membranes
can be photodamaged in vitro with the same rate as in the M mem-
branes. However, the D1 protein degradation is much slower in M
compared to BS thylakoids [30]. Interestingly, the same retardation of
D1 degradation in mesophyll chloroplasts was observed in vivo in
lincomycin-treated maize leaves. During high light treatment, D1 was
efﬁciently degraded in BS chloroplasts, whereas it remained stable in
M plastids regardless of the light intensity during the inhibitory treat-
Fig. 7. Distribution of Deg1 protease in maize chloroplasts. Maize mesophyll (M),
bundle sheath (BS) and A. thaliana chloroplasts (At) were isolated from plants grown at
ML. Proteins (5 μg Chl) were detected with anti-Deg1 antibody against the A. thaliana
enzyme. It should be noted that the Deg1 protein from maize has lower Mwt (about
38 kDa) than its counterpart from A. thaliana (about 40 kDa).
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consequence of a differential PSII phosphorylation/dephosphorylation
pattern or distinct PSII organization in BS compared to Mmembranes.
In maize, a C4 plant, PSII subunits were phosphorylated in the same
manner in the agranal BS as in the granal M thylakoids (Fig. 3) with
respect to light intensity, suggesting the same set of kinases may
operate in both types of maize thylakoids as in C3 chloroplasts [10,48].
However, such kinases have not been identiﬁed yet in the BS chlo-
roplasts [60]. Dephosphorylation of PSII proteins is a regulatory event
preceding D1 degradation in C3 plants [4] which was recently shown
on Stn8 Arabidopsis thaliana mutants [61], however, Bonardi et al. [9]
using the same mutants postulated that STN8 kinase-mediated
phosphorylation did not inﬂuence the D1 turnover. It was proposed
that the reversible phosphorylation maintains the integrity of photo-
damaged PSII during its migration to the stroma thylakoids, where the
subunits of the PSII monomer are dephosphorylated [18]. During
photoinhibition in the presence of a protein synthesis inhibitor, the
level of phosphorylated D1 protein decreased in both types of maize
thylakoids (Fig. 4), thus the observed slow D1 protein degradation in
mesophyll chloroplasts was not correlated with its slow dephos-
phorylation. These results reveal that reversible phosphorylation of D1
protein during PSII repair is probably universal among higher plants
and is independent of the chloroplast morphology.
The presented BN-PAGE analysis conﬁrmed our recent study [29]
showing that PSII in BS membranes exists as the PSII–LHCII super-
complex and PSII dimer (Fig. 5A–C in this study), whose integrity is
sustained by phosphorylation of the PSII core proteins [18,48].
Blocking of the PSII repair cycle with lincomycin resulted in a rapid
D1 protein degradation in BS thylakoids, whereas this process was
delayed in M chloroplasts (Fig. 2A, B). At the same time, disappear-
ance of the PSII monomers was observed in BS membranes and
accumulation inM thylakoids (Fig. 5C). Similarly, disappearance of the
PSII monomer complexes from the stroma thylakoids was recently
observed in photoinhibited, lincomycin-treated pumpkin plants
where the D1 degradation rate was measured [51].
The stable level of the psbA transcript observed here during high
light illumination (Fig. 6) correlated with the slow D1 degradation in
mesophyll chloroplasts, these results are in agreement with a report
showing that the D1 protein proteolysis and synthesis were tightly
coupled and the psbA mRNA expression was enhanced in photo-
inhibitory conditions during the D1 protein degradation [62].
The results presented in this paper indicate that in M chloroplasts
the D1 turnover cycle proceeds similarly to that observed in chloro-
plasts of C3 plants [4], except for the extremely slow rate of the D1
protein proteolysis in mesophyll membranes both in vitro [30] and
in vivo (Fig. 2A, B). Previously, we postulated that the signiﬁcant
differences in the rate of in vitro D1 degradation between M and BS
thylakoids could be correlated with the distribution of anti-HtrA
reacting proteins which were predominantly located in BS thylakoids,
whereas the FtsH enzymes were evenly distributed in the two types of
chloroplasts [30]. Recently the Deg1, Deg5, and Deg8 proteases have
been shown to be responsible for D1 protein degradation in higher
plants [22,23]. A. thaliana plants with a reduced level of the Deg1
enzyme were more sensitive to photoinhibition and accumulated
inactive dephosphorylated D1 protein [22], similar to our observationsreported in this study for maize. Therefore, we tested the distribution
of the Deg1 enzyme in M and BS membranes and discovered that this
enzyme is mainly present in BS and almost absent in M chloroplasts of
plants grown in ML (Fig. 7). Additionally, it was reported that BS, not
M cells, are the major site of expression of stress response genes in
maize. Furumoto et al. [63] observed in bundle sheath cells of maize
accumulation of transcripts of genes encoding a metallothionine-like
protein, salt-inducible proteins, as well as drought, heavy metal and
chemical stress proteins. Thus we suppose that Deg1 probably follow
the same expression pattern though it could be modulated by light
intensity as it was reported for C3 plants [64]. The Deg1 amino acid
and nucleotide sequences and the transcriptional regulation of the
Deg1 gene in maize are unknown therefore characterization of the
Deg1 enzyme and its corresponding transcript from maize will be the
subject of our future research.
It has been shown that the resistance of high light-grown plants to
photoinhibition is mainly attributed to efﬁcient repair of the PSII
centres [3,38,58]. Here, we postulate that in maize plants grown in
moderate or low light conditions, repair of the PSII complex in meso-
phyll chloroplasts is insufﬁcient to avoid inhibition of the photosyn-
thetic light reactions of photosynthesis under extremely stressful
conditions, probably due to the lowered amount of the Deg1 protease.
On the other hand, the D1 degradation cycle seems to operate
efﬁciently in the agranal BS chloroplasts, thus protecting them from
accumulation of damaged PSII complexes.
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